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High-Resolution Seismic-Reflection Image
of the Chesapeake Bay Impact Structure,
NASA Langley Research Center,

Hampton, Virginia

By Rufus D. Catchings,' David S. Powars,? Gregory S. Gohn,? and Mark R. Goldman'

Abstract

A 1-kilometer-long (0.62-mile-long) seismic reflection
and refraction profile collected at the National Aeronautics and
Space Administration (NASA) Langley Research Center,
Hampton, Va., provides a detailed image of part of the annular
trough of the buried, 35-million-year-old Chesapeake Bay
impact structure. This profile passes within 5 meters (m;

16.4 feet (ft)) of a 635.1-m-deep (2,083.8-ft-deep), continuously
cored and geophysically logged test hole at the Langley Center
(the USGS-NASA Langley corehole). High-resolution seismic-
reflection images (having a common-depth-point spacing of
2.5 m (8.2 ft)) of the upper 1,000 m (3,281 ft) along the seismic
profile were generated by using refraction velocities and
corehole sonic velocities to convert from time sections to
depth sections.

Time-distance, unmigrated depth-distance, and migrated
depth-distance images show lateral variations in the geologic
units observed in the USGS-NASA Langley corehole. A high-
amplitude reflection at 630 to 625 m (2,067 to 2,051 ft) depth on
the migrated depth image correlates with the top of weathered
granite (the Langley Granite) at 626.3 m (2,054.7 ft) in the
Langley core. Additional high-amplitude reflections below that
depth likely represent a weathering profile developed in the
upper part of the granite. Diffractions on the unmigrated images
suggest that the granite contains numerous inhomogeneities that
may consist of mineral veins and mineralized faults and
fractures, as seen in the granite cores.

Above the granite, crater unit A (minimally to moderately
disturbed sands and clays of the Cretaceous Potomac Forma-
tion) is characterized by semicontinuous, horizontal and moder-
ately inclined reflections that are broken by pervasive, subverti-
cal, small-offset faults. Sediments of the lower beds of crater
unit A below 558.1 m (1,831.0 ft) in the core have horizontal

Iys. Geological Survey, Menlo Park, CA 94025.
2y.s. Geological Survey, Reston, VA 20192.

bedding and are nearly pristine. Above that depth, the upper
beds of crater unit A contain thick fluidized sand intervals and
fractured clay-silt beds. The contact between the granite and
crater unit A is essentially horizontal on the migrated depth
profile and shows minor relief produced by a few steeply
dipping faults.

Above crater unit A, the lower beds of crater unit B are
lithologically similar to the upper beds of crater unit A and dis-
play similar impact-generated deformation. In the migrated
depth image, crater unit A and the lower beds of crater unit B
are combined into one unit. A thin zone (0.3 m (1.0 ft) thick) of
injected glauconitic sediment at the base of the lower beds (at
442.5 m (1,451.7 ft) depth) is the only occurrence of exotic
material in the lower beds of crater unit B in the core.

The upper beds of crater unit B (above 427.7 m (1,403.3 ft)
depth) are represented by discontinuous, locally weak, isolated,
or inclined reflections on the migrated depth image. In the core,
the upper beds of crater unit B are divided into megablocks and
megablock zones that consist of fragmented sediments of the
Potomac Formation. The megablocks are separated by matrix
zones that consist of smaller blocks of sediments of the Potomac
Formation suspended in a matrix of native disaggregated
sediments of the Potomac Formation and injected, exotic disag-
gregated, glauconitic Upper Cretaceous and lower Tertiary
marine sediments. Angular relationships and offsets of reflec-
tions across the high-relief contact between the upper beds of
crater unit B and the underlying combined crater unit A and the
lower beds of crater unit B suggest that the contact is a dip-slip
fault locally.

Above a contact with crater unit B at a depth of 269.4 m
(884.0 ft), the Exmore beds are represented by strong, continu-
ous and discontinuous, overstepping reflections that suggest
division of the Exmore into four laterally discontinuous deposi-
tional subunits. Two of these subunits are present near the
Langley corehole on the seismic images and are recognized in
the core (Gohn and others, this volume, chap. C). In the Langley
core, the Exmore beds consist of clasts of Cretaceous and
Tertiary preimpact sediments and cataclastic, shocked,
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pre-Mesozoic igneous rocks suspended in a matrix of calcare-
ous, muddy, quartz-glauconite sand and granules that contains
shocked quartz.

The dipping, truncated, and disrupted reflections within
crater units A and B are interpreted to represent a 550-m-wide
(1,805-ft-wide), stratabound collapse structure. This structure
does not affect the underlying basement granite or the lower
beds of crater unit A, nor does it affect the base of the Exmore
beds above crater unit B. The collapse structure is not bounded
laterally by major normal faults. Instead, structural displace-
ments appear to be distributed among abundant short, small-
offset faults and intervals of fluidized sediment. Fluidized sands
above 558 m (1,831 ft) depth in crater unit A are interpreted as
a low-strength zone that accommodated the widespread, late-
stage, gravitational collapse of the impact structure. The pro-
posed Langley collapse structure may be analogous to stra-
tabound grabens in the outer zone of the Silverpit crater
(North Sea).

The Exmore beds are interpreted as impact-generated,
ocean-resurge deposits. The upper contact of the Exmore sec-
tion is a wavy, semicontinuous reflection that may represent
large bedforms produced by resurge currents or returning
impact-generated tsunamis, or it may represent the unmodified
blocky or hummocky top of the final Exmore debris flow. Typ-
ically continuous, nearly horizontal reflections characterize the
upper Eocene to Pleistocene postimpact section of dominantly
marine sediments.

Introduction

The Chesapeake Bay impact structure is among the
largest and best preserved of the known impact craters on
Earth (Poag, 1997). Itis 85 kilometers (km; 53 miles (mi)) wide.
This late Eocene structure lies buried beneath postimpact conti-
nental-margin sediments of the Virginia Coastal Plain and adja-
cent inner continental shelf (fig. 1) (Poag and others, 1994;
Poag, 1997; Powars and Bruce, 1999). The center of the
structure is beneath the town of Cape Charles, Va., on the
Delmarva Peninsula.

Marine seismic-reflection surveys played a major role in
the discovery and subsequent study of the Chesapeake Bay
impact structure in the 1990s. Poag and others (1999) used over
1,200 km (746 mi) of multichannel and single-channel reflec-
tion profiles to interpret the location, major structures, and mor-
phology of this complex crater (also see Poag and others, 1994;
Poag, 1996, 1997; and Powars and Bruce, 1999). Stratigraphic
and structural interpretations of the seismic profiles were sub-
stantially enhanced by the availability of stratigraphic and litho-
logic data from continuously cored test holes in nearby onshore
areas (Powars and others, 1992; Powars and Bruce, 1999).

In 2000, the U.S. Geological Survey (USGS) and cooper-
ating agencies (see “Acknowledgments”) conducted a high-
resolution seismic reflection and refraction survey and drilled a
continuously cored test hole (the USGS-NASA Langley core-
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Figure I1. Regional map showing the location of the Chesapeake Bay impact
structure, the USGS-NASA Langley corehole at Hampton, Va., and some other
coreholes in southeastern Virginia. Locations of the central crater and outer
margin are from Powars and Bruce (1999). lllustration modified from Powars,
Johnson, and others (2002) and Edwards and Powars (2003).

hole) near the outer margin of the Chesapeake Bay impact
structure on the York-James Peninsula (fig. 12). The objectives
of these studies were to acquire the structural, stratigraphic,
lithologic, petrologic, and hydrologic data needed to assess the
effect of the impact structure on the regional ground-water flow
regime and to infer the formative processes and geologic history
of the impact structure (Gohn, Bruce, and others, 2001).

The seismic survey traversed the southern York-James
Peninsula in a northeast to southwest direction at a high angle
to the local trend of the impact structure’s outer margin (fig. 12).
The survey extended from the National Aeronautics and Space
Administration (NASA) Langley Research Center on the north-
east through the cities of Hampton and Newport News to the
James River. The full length of the survey was 13.6 km (8.5 mi);
however, substantial data gaps required by the densely popu-
lated urban setting reduced the actual surveyed distance to
approximately 9 km (5.6 mi). To maintain straight-line



High-Resolution Seismic-Reflection Image of the Chesapeake Bay Impact Structure, NASA Langley Research Center

13

‘ 76°40° _ 76°30° 76°20° \
Wy NG 22t e '
e 4 Y P v
. o —~ X T SRR &
¢ ;{v ;} o j%ii “”;*;QS %% A CHESAPEAKE
Nt ’ < \ A+ R i e 0 SKILOMETERS
” i}&g& &g@ = \“\RK 0 ' ' ' ' 5 MILES
b &7 \ S v S
> \ Af S,
by | N, v e z
HEN Y . —<C P
<MW < u
| /\%; AL L S
B SO G & M eS8 Tay,
¢ AN ¢ S i
J /5§ s W&Mﬁﬁﬁbé%ﬁf <
ol 5 ¢ - T v _langleyc
H r i‘_/a %fg»ﬁ y Ry
=3 \ ey gl\ : 7 éjj HAMPTON /]
’ \\7\ A 2 oY % ﬁifé
Y\ ED T {jgg/
aol i Y \fﬁ/ & s\ jk:\l o/ CHESAPEAKE
e ST /\
MﬁT (/ - / ©
& e s ‘%% ."’/\X L\ / )
7 g v ‘} ol T FEEy
ID 2P :-EF‘ f%a%:?g James River é}i : \% i

Base from U.S. Geological Survey Digital Line Graphs, 1:100,000
UTM zone 18, NAD 83

Figure 12. Map showing the location of the 1-km-long (0.62-mi-lon

g) Langley seismic profile and the USGS-NASA Langley corehole

in relation to the entire 13.6-km-long (8.5-mi-long) York-James seismic transect (4—A'). See figure 11 for the regional setting.

segments, the seismic transect was divided into nine individual
seismic profiles that ranged in length from about 250 meters
(m; 820 feet (ft)) to more than 2,650 m (8,694 ft, or 1.65 mi).

The USGS-NASA Langley corehole was completed to a
total depth of 635.1 m (2,083.8 ft) at the NASA Langley
Research Center (Gohn, Clark, and others, 2001; Powars and
others, 2001). The corehole penetrated the full thickness of
postimpact, impact-generated, and impact-modified sediments
and bottomed in underlying granite (fig. I3). A single-trans-
mitter, dual-receiver sonic tool was run the full length of the
Langley corehole to record acoustic interval-transit times. The
resulting sonic log provided much of the velocity information
that was used to process the seismic-reflection data.

Core and geophysical-log depths originally were recorded
in feet at the drill site. Core and log depths given in meters in
this chapter are calculated from the corresponding measured
depths in feet and are correlated with the seismic data, which
were acquired in metric units.

This chapter presents a stratigraphic and structural inter-
pretation of a 1-km-long (0.62-mi-long), seismic reflection and
refraction profile surveyed across the NASA Langley Research
Center (fig. 12). This survey passed through the Langley drill
site within 5 m (16.4 ft) of the corehole, thereby providing the
opportunity to integrate the core geologic data and corehole
geophysical data with the seismic data. The Langley seismic
profile is the northeasternmost segment of the 13.6-km-long
(8.5-mi-long) York-James seismic survey.
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Chesapeake Bay Impact Structure

The Chesapeake Bay impact structure is a complex crater
developed in a multilayered marine target (Poag and others,
1994, 1999; Poag, 1997; Powars and Bruce, 1999; Powars,
2000). It was formed about 35 million years ago by the impact
of a comet fragment or asteroid on the late Eocene continental
shelf (fig. I1). Target materials below the atmosphere included
an oceanic water column (<340 m (<1,115 ft) deep), a seaward-
thickening Cretaceous and lower Tertiary sedimentary section
(about 400 m to about 1,500 m (about 1,300 ft to about 4,900 ft)
thick), and an underlying basement of igneous and metamor-
phic rocks (Poag, 1997; Powars and Bruce, 1999; Gohn and
others, this volume, chap. C; Horton and others, this volume,
chap. A, chap. B). The structure lies beneath a seaward-dipping
and seaward-thickening wedge of postimpact, middle to upper
Cenozoic sediments. The postimpact section is about 250 m
(820 ft) thick on the lower York-James Peninsula (Powars and
Bruce, 1999; Gohn and others, this volume, chap. C) and thick-
ens eastward to at least 396 m (1,300 ft) at the southern tip of
the Delmarva Peninsula (Powars and Bruce, 1999).

The average diameter of the Chesapeake Bay impact
structure, as illustrated by Poag (1997), Poag and others (1999),
and Powars and Bruce (1999), is about 85 km (53 mi). The outer
margin bounds an approximately 25-km-wide (15.5-mi-wide)
annular trough that surrounds the structure’s 35-km-wide
(22-mi-wide), complexly deformed central crater. The seis-
mic profile discussed in this chapter is located within the
southwestern part of the annular trough of the Chesapeake Bay
impact structure and is referred to as the “Langley seismic
profile” (or survey).

Seismic Survey

Data Acquisition

The Langley seismic survey was conducted entirely on the
premises of the NASA Langley Research Center at Hampton,
Va., in September 2000. The Langley profile is 1,000 m
(3,281 ft) long and trends approximately northeast to southwest
(fig. 12). Acquisition parameters are shown in table I1.

Seismic sources were generated by a combination of
explosions and seisgun blanks. We used the larger explosive
sources to ensure propagation of seismic energy in the urban
Hampton-Newport News area. Explosions were generated by
0.11-kilogram (0.25-pound) charges of ammonium nitrate at
depths of approximately 3 m (10 ft). The explosions were
spaced approximately every 25 m (82 ft) along the seismic pro-
file, except near cultural features. Most seismic sources were
generated by 400-grain, 8-gauge Betsy Seisgun blanks at depths
of about 0.3 m (1 ft). The seisgun sources were spaced every

5 m (16.4 ft); however, seisgun sources were not generated at
the locations of explosion shots. Thus, the effective spacing for
seismic sources (explosions and blanks combined) was 5 m
(16.4 ft) along the seismic profile.

Shot timing for the 0.11-kilogram (0.25-pound) explosions
was determined by synchronized master clocks that are accurate
to approximately 1 millisecond (ms). The master clocks con-
trolled both the shot timing and the turn-on times for the seis-
mographs. Shot timing for the Betsy Seisgun sources was deter-
mined electronically at the seismic source when the hammer
electronically closed contact with the Betsy Seisgun, which also
sent an electronic signal to the seismographs. Seismic sources
were co-located (at 1-m (3.3-ft) lateral offset) with the geo-
phones so that uphole times also were available for timing. To
maintain a consistent start time, we removed 2 ms and 20 ms
from the uphole times of explosive and seisgun sources, respec-
tively. The consistent start time and calculated static corrections
allowed data from both types of sources to be stacked together.

The seismic sources were recorded on an array of four
Geometrics Strataview RX—60 seismographs, each with 60
channels. Along the Langley seismic profile, the setup of the
seismic acquisition array allowed for 202 shots and 202 record-
ing sites (geophones), which allows for a theoretical fold of 202
when the data are stacked. All 202 recording sites were utilized;
however, because of cultural features (such as roadways and
pipelines), 15 shotpoints were not utilized, and the resulting
actual maximum fold was 187. We used 40-hertz (Hz), single-
element, vertical-component Mark Products L-40A geophones
to record the seismic signal. Approximately 5 seconds (s) of
data were recorded for each shot at a sampling rate of 0.5 ms.
The data were stored on the hard drive of the Geometrics Strat-
aview RX-60 computers during field acquisition and were later
downloaded to 4-millimeter (mm) tape for permanent storage in
SEG-Y format (Barry and others, 1975).

Prior to acquiring the data, we measured distances between
shotpoints with a meter tape and prepared shotholes at those
locations. Individual recording sites also were predetermined
and flagged to obtain the proper spacing. After the data were
acquired, we used a high-precision differential Global Position-
ing System to measure the recording sites and shotpoint loca-
tions to accuracies of approximately 0.01 m (0.03 ft).

Data Processing

The long offset (about 1,000 m (3,281 ft) maximum) and
multiple sources permitted both reflection and refraction data to
be simultaneously acquired. We used two types of seismic data
processing—seismic-refraction tomographic inversion and
reflection-image processing. In refraction-data processing, we
used the tomographic inversion method developed by Hole
(1992), whereby first arrivals on each seismic trace were mod-
eled to obtain detailed velocities along the profile.
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Table I1.  Acquisition parameters for the Langley seismic profile,
Hampton, Va.

[ft, feet; Hz, hertz; kg, kilograms; 1b, pounds; m, meters; ms, milliseconds;
s, seconds]

Table 12. Processing parameters for the Langley seismic profile,
Hampton, Va.

[ft, feet; Hz, hertz; m, meters; m/s; meters per second; ms, milliseconds]

Parameter Description Parameter Description
Profile length 1,000 m (3,281 ft) Maximum fold 187
Timing Electronic Common-depth-point spacing 2.5m (8.2 ft)

Seismic sources

Overall shot spacing 5m (16.4 ft)

Explosion spacing 25 m (82 ft)

Explosion depth 3m (10 ft)

Explosion type 0.11-kg (0.25-1b) charge of

ammonium nitrate

Seisgun spacing 5m (164 ft)
Seisgun depth 0.3 m (1 ft)
Seisgun type 400-grain, 8-gauge Betsy Seisgun

Seismic recording data

5m(16.4 ft)

40-Hz, single-element, vertical-
component Mark Products L-40A
geophone

Geophone spacing
Geophone type

Recording system Array of 4 Geometrics Strataview
RX-60 seismographs, each with

60 channels

Number of active channels 202
Sample rate 0.5 ms
Acquisition filters None
Trace length 5s

Approximately 40,000 first arrivals were used to develop
the velocity model, and all first-arrival measurements were
checked for reciprocity between shot and receiver pairs. How-
ever, lower velocity sediments underlying higher velocity sedi-
ments at depths of about 50 m (164 ft) limited measurement of
refraction velocities to the upper 50 m (164 ft). From about
50 m (164 ft) to about 635 m (2,083.3 ft), velocities were deter-
mined from the sonic velocity (interval transit time) log meas-
ured within the USGS-NASA Langley corehole located near
the center of the seismic profile. The models are described in the
next section.

Seismic-reflection data were processed by generally fol-
lowing the procedure outlined by Brouwer and Helbig (1998).
Parameters used in processing are shown in table I2. Processing
steps included the following: geometry installation, indepen-
dent trace editing (to remove noisy traces or data from malfunc-
tioning geophones), timing corrections, elevation static correc-
tions, automatic-gain-control (AGC) bandpass filtering,
frequency-distance (F-K) filtering, velocity analysis (from
refractions and sonic log), normal-move-out correction, stretch

Deconvolution 21 ms/200 ms
Automatic gain control (AGC)
Prestack 300 ms
Poststack 100 ms
Bandpass filtering
Prestack 25-50-600-1,200 Hz
Poststack 30-60-600-1,200 Hz

Frequency-distance (F-K) filtering

F-K acceptance level >1,000 m/s

F-K rejection level 1-200 Hz
Migration

Angle 25°

Aperture 400 m

Frequency 400 Hz

muting, common-depth-point (CDP) stacking, Kirchoff
prestack depth migration, poststack AGC, poststack bandpass
filtering, poststack deconvolution, and time-to-depth conver-
sion (for unmigrated data).

Seismic Data and P-Wave Velocity Models

All shots, whether seisgun or explosive, propagated the
entire length of the recording array. A typical explosive shot
record is shown in figure I4. Numerous clear reflections are
observed from about 0 ms to about 700 ms, and first-arrival
refractions are observed along the length of the Langley profile.

Compressional wave (P-wave) velocities in the upper
50 m (164 ft) range from about 800 meters per second (m/s;
2,625 feet per second (ft/s)) to about 1,700 m/s (5,577 ft/s) and
are laterally continuous with minor variations (fig. ISA). A
relatively low velocity gradient is apparent below about 50 m
(164 ft) depth (fig. ISB).

Corehole sonic velocities were calculated from acoustic
interval-transit times acquired approximately every 3 centime-
ters (0.1 ft) in the Langley corehole by the interval-transit-time
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Figure 14. Explosion shot gather at shotpoint 63 from the Langley seismic profile showing the reflective nature of the subsurface from the
surface to about 700 ms and the clear first-arrival refractions. A channel was located at each shotpoint.

sonde (fig. I5SB). Appreciable scatter in the data suggests arange
of velocities at all depths and (or) measurement errors that
likely resulted in part from “cycle skipping” produced by exces-
sive signal attenuation. We selected representative velocities
within the range of scatter as shown in figure I5B.

In general, the sonic measurements suggest that velocities
are relatively low (less than 2,500 m/s, or 8,202 ft/s) for most of
the subsurface above basement. The data show a high-velocity
cap at about 50 to 62 m (164 to 203 ft) depth, where velocities
range from about 2,500 m/s (8,202 ft/s) to about 3,000 m/s
(9,843 ft/s). From about 60 m (197 ft) to about 140 m (459 ft)
depth, average velocities range between about 1,500 m/s
(4,921 ft/s) and about 2,000 m/s (6,562 ft/s), and the overall
trend is toward a slight negative gradient. This lower velocity or
the negative gradient limits the surface-based refraction meas-
urements. From about 140 m (459 ft) to about 180 m (591 ft)
depth and from about 235 m (771 ft) to 275 m (902 ft) depth,
relatively higher velocities also are observed (about 2,000 to
2,200 m/s, or 6,562 to 7,218 ft/s), but these velocities are gen-
erally lower than those at 60 m (197 ft) depth. The relatively
low velocities between about 60 m (197 ft) depth and crystalline
basement near 625 m (2,051 ft) depth prevent surface-based
refracted energy from returning to the surface. In crustal-scale

refraction seismology, lower velocity materials that underlie
higher velocity materials are commonly referred to as low-
velocity zones, shadow zones, or velocity inversions.

Seismic-Reflection Images

We stacked shot gathers along the Langley profile to pro-
duce seismic-reflection images of the upper 1,000 m (3,281 ft)
of section. Common-depth-point (CDP) traces are located every
2.5 m (8.2 ft) along the seismic profile. Time-distance, unmi-
grated depth-distance, and migrated depth-distance plots were
generated (figs. 16, I7, and I8). Depths were calculated by
assuming the velocity profile shown in figure I5. The data are
plotted as positive polarity.

Vertical resolution of the seismic images depends on the
velocities and frequencies used to generate the images. Veloci-
ties generally range from about 800 m/s (2,625 ft/s) to about
3,000 m/s (9,843 ft/s) in the upper 600 m (1,969 ft), and fre-
quencies range from about 30 to 600 Hz. When the one-quarter
wavelength criteria (Waters, 1981) are used, the minimum
thickness of imaged reflectors ranges between about 1 m (3.3 ft)
and 15 m (49.2 ft).
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Projected USGS-NASA Langley corehole
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Figure I5. Velocity model from the Langley seismic profile and velocity log from the USGS-NASA Langley corehole. A, Two-dimensional velocity
model along the Langley profile derived from inversion of first-arrival refractions. Contours show P-wave velocities in meters per second. B, One-
dimensional velocity model (solid line) derived from the sonic velocity (interval transit time) log collected in the Langley corehole. The left track
displays every second data point in the corehole dataset. The right track displays every tenth data point in the dataset. The stratigraphy of the
corehole section is shown on the left: Ple, Pleistocene; DC, Drummonds Corner beds; NP, Neoproterozoic; LG, Langley Granite.

The three seismic images show numerous reflections
across their full depth of 1,000 m (3,281 ft). Reflections above
635.1 m (2,083.8 ft) depth are correlated with the geologic units
identified in the USGS-NASA Langley core (Gohn and others,
this volume, chap. C; Poag and Norris, this volume, chap. F;
Powars and others, this volume, chap. G).

Time-distance image.—Numerous reflections are
observed along the Langley profile from about 25 ms to about
740 ms (fig. 16). Although the entire section is reflective above
740 ms, the nature of the reflections varies appreciably within
differing time intervals. Laterally continuous reflections are
particularly pronounced from about 25 ms to 50 ms and from
about 200 ms to about 400 ms. However, reflections between
about 400 ms and about 670 ms are largely laterally discontin-
uous, except for several clear southwest-dipping reflections on
the northeastern half of the profile and less obvious northeast-
dipping reflections on the southwestern half of the profile. The
fewest laterally coherent reflections occur from about 740 ms to
about 1,000 ms.

Most reflections above 670 ms indicate slight vertical dis-
placement along the profile, and small diffractions are apparent
on the section. An apparent vertical offset in reflections at

700 ms (meter 550 of the profile) also shows diffracted energy
originating at the location of the offset. Such diffractions usu-
ally can be attributed to lateral velocity variations caused by
faulting and fracturing that result in abrupt truncations of layers
(Anstey, 1977).

Unmigrated depth-distance image.—We converted the
time-distance seismic image (fig. I6) to an unmigrated depth-
distance seismic image (fig. I7) by using the combined
refraction and sonic velocity model (fig. I5). In stacking,
velocities in the upper 50 m (164 ft) varied laterally as
determined by the refraction velocity model, but we used
laterally constant velocities from the sonic log below 50 m
(164 ft) depth. The depth-distance image shows laterally
continuous reflections in the depth ranges from about 0 m to
50 m (about O ft to 164 ft), 150 m to 325 m (about 492 ft to
1,066 ft), and 625 m to 800 m (about 2,051 ft to 2,625 ft). From
about 325 m to about 625 m (about 1,066 ft to about 2,051 ft)
depth, the subsurface is less reflective, and reflections are
laterally discontinuous. Southwesterly and northeasterly
dipping reflections also are apparent, as observed in the time
section (fig. 16). Reflections below about 625 m (2,051 ft)
appear much thicker and higher in amplitude than those higher
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Figure 15. Continued.

in the section. Slight vertical offsets are apparent, as observed
on the time section, and these offsets correlate with diffracted
energy, suggestive of faulting and fracturing.

Migrated depth-distance image.—We used Kirchoff
prestack depth migration to collapse the diffracted energy
observed on the time and depth sections. The resulting migrated
depth-distance section (fig. I8) shows much the same reflectiv-
ity pattern as the unmigrated depth section (fig. I7); however,
numerous small offsets in reflectors are apparent where the dif-
fracted energy was collapsed. Although there are some small
offsets in layers above about 325 m (1,066 ft) depth and at
625 m (2,051 ft) depth, a far greater number of small offsets
(faults or fractures) are observed from about 325 m to about
625 m (about 1,066 ft to about 2,051 ft) depth. Migration also
shows that the dipping reflections between 325 m and 625 m
(1,066 ft to 2,051 ft) depth merge into subhorizontal reflections
near the northeastern and southwestern ends of the profile.
Migration allows a more accurate placement of the top of base-
ment.

Geologic Interpretation of Seismic Images

Coastal Plain Basement

We interpret the top of basement rocks as the nearly con-
tinuous, wavy, high-amplitude reflection that varies in depth
between 630 m and 625 m (2,067 ft and 2,051 ft) on the
migrated depth image (figs. 19, 110, and I11). These depths are
in good agreement with the top of weathered granite found at
626.3 m (2,054.7 ft) depth in the Langley core (fig. I3); this
granite is named the Langley Granite by Horton and others (this
volume, chap. B). Granite was recovered to the bottom of the
Langley corehole at a depth of 635.1 m (2,083.8 ft). This cored
section consists of variably weathered, pale-red, medium-
grained, homogeneous granite of Neoproterozoic age (Horton
and others, this volume, chap. B).

The time-distance and depth-distance sections (figs. 16 and
I7) show at least three major reflections at and below the top of
the granite. We interpret the shallowest reflection as the sedi-
ment-weathered rock contact, the second reflection as the
weathered rock-to-unweathered rock transition, and the third
reflection as a reverberation arising from the weathered and
unweathered contacts. These reflections are widely spaced on
the unmigrated and migrated depth sections because of the high
basement velocities used to convert from time to depth. This
interpretation suggests that the weathered rock is about 40 m
(131 ft) thick. The recovered 8.9-m-long (29.1-ft-long) granite
core is strongly weathered and crumbly in its upper part but
grades down to partially weathered, hard granite in the basal
0.9 m (3 ft) of the core (Horton and others, this volume,
chap. B). Weathering along mineral veins and mineralized frac-
tures and faults observed in the core (Horton and others, this
volume, chap. B) may be a contributing factor to the large thick-
ness of the weathering zone inferred from the seismic images.
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Figure 16. Time-distance seismic-reflection image for the Langley profile. The lower highlighted boundary (at about 670 ms) is between
crystalline basement rocks (the Langley Granite in the USGS-NASA Langley core) and overlying preimpact sediments. The upper highlighted
boundary (at about 300 ms) is between preimpact and synimpact sediments and overlying postimpact sediments. The seismic sources were
energetic enough to provide signals from depths of about 1 km (0.6 mi) along part of the seismic profile with a fold of only 1.
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Figure 17. Unmigrated depth-distance seismic-reflection image for the Langley profile. The lower highlighted boundary (at about 625 m,
2,051 ft) is between crystalline basement rocks (the Langley Granite in the USGS-NASA Langley core) and overlying preimpact sediments. The
upper highlighted boundary (at about 240 m, 787.4 ft) is between preimpact and synimpact sediments and overlying postimpact sediments.
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Figure 18. Migrated depth-distance seismic-reflection image for the Langley profile. Highlighted boundaries as in figure I7. Migration
allows a more accurate placement of the top of basement than in the unmigrated section.
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Figure 19. Interpreted migrated depth image for the Langley profile showing the major impact-related and postimpact seismic-strati-
graphic units discussed in the text. Unit designations: A, crater unit A; B, lower beds of crater unit B; Bu, upper beds of crater unit B; Ex1,
Ex2, Ex3, and Ex4, seismically defined subunits of the Exmore beds; Fm., formation.
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Figure I111. Interpreted migrated depth image for the Langley profile showing the seismic-stratigraphic units and generalized sonic
velocity data acquired in the USGS-NASA Langley corehole (fig. 158). Sonic velocities range from about 1,500 to about 5,500 meters
per second (m/s). Note that the seismically defined subunits of the Exmore beds (Ex1, Ex2, Ex3, and Ex4) are variably shaded.
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Horizontal, discontinuous, wavy, high-amplitude reflec-
tions characterize most of the basement section on the migrated
depth image (fig. I9). Diffractions on the time-distance and
depth-distance images (figs. 16 and 17) suggest that the base-
ment section contains numerous inhomogeneities. In addition,
inferred high-angle faults of uncertain extent displace the top of
basement by less than 10 m (33 ft) at several places on the
migrated depth image (fig. 110).

The granite core from the Langley corehole is too short to
address the source of the horizontal, wavy reflections. How-
ever, the common mineral veins and mineralized fractures and
faults in the core dip at all angles from vertical to horizontal and
could be the source of the diffractions seen on the unmigrated
images (Horton and others, this volume, chap. B). The granite
is assumed to extend significantly below the base of the rocks
depicted in the seismic images.

Impact-Modified Sediments

Core Stratigraphy

The impact-modified sedimentary section in the Langley
core primarily consists of Lower Cretaceous and basal Upper
Cretaeous fluvial sediments of the Potomac Formation. This
variably deformed section is divided informally into crater unit
A and overlying crater unit B (Frederiksen and others, this
volume, chap. D; Gohn and others, this volume, chap. C). The
unit contact is placed at the base of the lowest occurrence of
injected exotic glauconitic sediments at 442.5 m (1,451.7 ft)
depth (fig. I3). The contact between crater unit B and the
overlying Exmore beds is placed at a depth of 269.4 m
(884.0 ft). Reflections within crater units A and B (figs. 16,
17,18, 19, and I10) are interpreted to represent primary bedding
within the Potomac Formation.

Crater unit A is divided into two subunits in the Langley
core—the lower beds and the upper beds (Gohn and others, this
volume, chap. C). The subunit contact is placed at a depth of
558.1 m (1,831.0 ft) (fig. I3). The lower beds consist of nearly
pristine sands, silts, and clays of the Potomac Formation, in
which primary horizontal stratification is well preserved, clay-
silt beds are only moderately fractured, and primary sedimen-
tary structures and cycles typical of the Potomac Formation out-
side the impact structure are intact. In the upper beds, however,
zones of structureless fluidized sand up to 17 m (55.8 ft) thick
and strongly fractured clay-silt layers are present locally. Crater
unit A does not contain igneous-rock or sediment ejecta,
shocked quartz grains, or exotic preimpact Tertiary sediments
(Gohn and others, this volume, chap. C; Horton and Izett, this
volume, chap. E).

Crater unit B also is divided informally into lower beds and
upper beds; the contact is at 427.7 m (1,403.3 ft) depth (fig. I3).
The lower beds consist of locally fluidized and fractured sedi-
ments of the Potomac Formation similar to those found in the
upper beds of crater unit A. Exotic injected glauconitic sedi-
ments are present only in a 0.3-m-thick (1.0-ft-thick) zone at the
base of the lower beds of crater unit B (fig. I3).

The upper beds of crater unit B in the core consist of
megablocks (1 m to 25 m (3.3 ft to 82.0 ft) in diameter) and
megablock zones (intervals of multiple megablocks with
block-on-block contacts) of fragmented sediments of the
Potomac Formation (Gohn and others, this volume, chap. C).
Fractures and steeply dipping primary stratification are
common within the megablocks and indicate postdeposi-
tional movement and rotation.

The megablocks and megablock zones are separated by
intervals consisting of blocks of sediment of the Potomac For-
mation (4 mm to 1 m (0.16 inch to 3.3 ft) in diameter) suspended
in a muddy, sandy, and gravelly matrix of native disaggregated
sediments of the Potomac Formation and downward-injected,
exotic, disaggregated, glauconitic Upper Cretaceous and Ter-
tiary marine sediments. Gohn and others (this volume, chap. C)
refer to these lithologically heterogeneous intervals as matrix
zones. The presence of exotic Upper Cretaceous and Tertiary
marine sediments is inferred from the large amount of glauco-
nite sand in the matrix zones; glauconite is very sparse in the
Potomac Formation but is very common in the preimpact Upper
Cretaceous and Tertiary sections (Powars and Bruce, 1999;
Gohn and others, this volume, chap. C). Shocked quartz has not
been found in the upper beds of crater unit B, except in one
piece of igneous-rock ejecta found near the top of the unit, and
exotic lithoclasts of preimpact Upper Cretaceous and Tertiary
marine sediments are absent (Gohn and others, this volume,
chap. C; Horton and Izett, this volume, chap. E).

Seismic Images

Semicontinuous, horizontal and moderately dipping
reflections between depths of about 625 m (2,051 ft) and about
420 m (1,378 ft) near the corehole represent crater unit A and
the lower beds of crater unit B (unit Bl) of the Langley core
(figs. I3 and 19). Thicker combined sections of these units are
present northeast and southwest of the corehole.

Horizontal reflections in crater units A and Bl near the
northeastern end of the profile dip to the southwest at moderate
apparent angles beginning between meters 250 and 300 of the
distance scale and continuing past meter 500 to the vicinity of
the corehole, where their dip angles generally flatten (fig. 19).
Similarly, subhorizontal reflections in crater units A and Bl near
the southwestern end of the profile dip to the northeast at mod-
erate apparent angles beginning near meters 750 to 800 of the
seismic profile (distance scale) and continuing to near the core-
hole, where their dip angles also decrease. (The outermost
zones of unusually steep dips on figure 19 are artifacts of the
migration process.) Within the interval of dipping reflections,
apparent dip angles tend to decrease downsection from about
25°1n the upper part of the interval to less than 10° near the base
of the interval. Structural relief on the order of 75 m (246 ft) is
apparent for some dipping reflections in the northeastern part of
the structure. Four pairs of high-amplitude reflections in com-
bined units A and BI are shaded in figure I9 to illustrate the
unit’s internal structure.
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The upper contact of combined crater units A and Bl mim-
ics their internal structure (fig. 19). This contact is near a depth
of 300 m (984 ft) at the northeastern end of the profile but dips
downward, and cuts stratigraphically downsection, to a depth of
about 420 m (1,378 ft) near the corehole. From there, the con-
tact is interpreted to rise in elevation to the southwest. The posi-
tion of the top of combined crater units A and Bl is not readily
determined southwest of meter 800 (distance scale) on the
migrated depth image; the position of this contact in this area is
drawn provisionally in figure 9. Approximately 120 m (394 ft)
of relief are present along this surface. In contrast, the lower
contact of crater unit A with the basement granite is horizontal
and has only minor relief.

Vertical to moderately dipping faults that have short
lengths (tens of meters) and small displacements on the order of
a few meters to 10 m (33 ft) are apparent throughout combined
crater units A and Bl on the migrated depth image. The com-
plexity of the faulting does not permit a unique interpretation of
fault locations and displacements; our interpretation is shown in
figure 110. Individual faults typically offset one to four reflec-
tions. The lateral spacing of these faults is irregular but may be
as small as about 10 m (33 ft). Normal and reverse faults are
present in this fault population, and similar faults having
smaller displacements below the resolution of the seismic
image also may be present.

In our interpretation (fig. I10), there is a change in fault dip
angles at or near the contact between the lower beds and the
upper beds of crater unit A, which is placed at 558.1 m
(1,831.0 ft) depth in the Langley core. Fault dip angles above
this depth typically are moderate, although some steeply dip-
ping faults also are present; below this depth, steeply dipping
faults predominate. Faults in crater units A and B of the Langley
core include vertical to moderately dipping dip-slip faults and a
few horizontal faults (Gohn and others, this volume, chap. C;
Horton and others, this volume, chap. B).

The upper beds of crater unit B (unit Bu) are represented
by a planar-convex interval of discontinuous and locally weak,
isolated, and (or) inclined reflections on the migrated depth
image (fig. 19). There is a general trend toward greater continu-
ity of individual reflections within crater unit Bu from the center
to the ends of the seismic profile. The small-offset faults seen
in crater units A and Bl also are observed in crater unit Bu
(fig. 110).

The high-relief contact between combined crater units A
and B1 and overlying crater unit Bu is defined on the migrated
depth image by angular relationships and offsets between
reflections, except near meter 600 of the profile southwest of
the Langley corehole where the reflections appear conformable
or paraconformable (fig. I9). The truncation and offset of reflec-
tions at the contact suggest that it locally consists of low- to
moderate-angle dip-slip faults.

Impact-Generated Sediments

Variations of the informal name “Exmore beds” have been
applied to the impact-generated polymict sedimentary breccias
that underlie the postimpact, upper Eocene Chickahominy For-
mation and typically cap the impactite section of the Chesa-
peake Bay impact structure (Powars and others, 1992; Poag,
1997; Powars and Bruce, 1999). We place the lower and upper
contacts of the Exmore beds at approximately 270 m (886 ft)
and 235 m (771 ft) depths, respectively, in the center of the
migrated depth section (fig. 19), in agreement with the contacts
of the Exmore beds in the Langley core at depths of 269.4 m
(884.0 ft) and 235.65 m (773.12 ft) (Gohn and others, this vol-
ume, chap. C).

In the Langley core, the Exmore beds consist of pebbles,
cobbles, and boulders (typically smaller than 1 m (3.3 ft) in
diameter) suspended in an unsorted and unstratified matrix of
calcareous, muddy, very fine to very coarse sand and granules.
The clasts primarily consist of sediment lithoclasts derived
from the preimpact Cretaceous and lower Tertiary formations
of the area (Powars and Bruce, 1999; Gohn and others, this vol-
ume, chap. C). The sand fraction of the matrix consists primar-
ily of quartz and glauconite. Shocked and (or) cataclastic igne-
ous-rock lithoclasts also are present, and shocked quartz grains
are present but sparse in the Exmore matrix (Horton and Izett,
this volume, chap. E).

We interpret the Exmore beds to consist of four subunits
on the migrated depth profile (figs. 19 and I11). Exmore sub-
units 1, 2, and 3 are bounded by inclined, overlapping reflec-
tions that progressively overstep the underlying reflection from
southwest to northeast toward the crater’s center. Therefore, the
base of the Exmore beds is a composite surface within the limits
of the Langley profile as a result of the overstepping contacts.
The base of Exmore subunit 4 is the high-amplitude reflection
near 250 m (820 ft) depth, along which subunit 4 overlies sub-
units 2 and 3. The upper contact of the Exmore beds with the
overlying fine-grained sediments of the Chickahominy Forma-
tion is a wavy, semicontinuous reflection.

Postimpact Sediments

A provisional analysis of the distribution of individual and
composite postimpact stratigraphic units on the migrated depth
image is illustrated in figure I9. The postimpact section extends
from the top of the Exmore beds at about 235 m (771 ft) depth
to the top of the image. The corresponding section in the Lang-
ley core consists of 235.65 m (773.12 ft) of upper Eocene
through Pliocene marine sediments and Pleistocene paralic
deposits (Edwards and others, this volume, chap. H; Powars and
others, this volume, chap. G).

The postimpact units are characterized by horizontal,
semicontinuous and continuous reflections at their boundaries
and internally. Fine-grained shelf deposits of the upper Eocene
Chickahominy Formation above the Exmore beds are overlain
by a composite section of glauconitic or shelly sediments of the
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Oligocene Drummonds Corner beds and Old Church Formation
and the lower Miocene part of the Calvert Formation (fig. 19).
That section is overlain by a composite section of middle
Miocene siliceous clay-silts of the upper part of the Calvert For-
mation and overlying upper Miocene calcareous clay-silts of
the St. Marys Formation. Shelly, clayey silts and muddy fine
sands of the upper Miocene Eastover Formation overlie the

St. Marys. Above the Eastover, a composite unit consisting of
shelly, muddy fine sands of the Pliocene Yorktown Formation
and thin, sandy, estuarine(?) Pleistocene sediments completes
the postimpact section.

Wavy reflections within specific stratigraphic intervals in
the postimpact section may result from lateral velocity varia-
tions produced by lateral lithologic changes. These wavy reflec-
tions are best developed in the undifferentiated upper Calvert-
St. Marys section.

Discussion

Collapse Structure

We interpret the major structural feature observed on the
Langley seismic images (figs. 16, 17, 18, 19, 110, and I11) as a
stratabound, extensional collapse structure. This structure is
defined on the seismic images by the dipping (downward-
displaced), truncated reflections in crater units A and B and in
the Langley core by the style and intensity of sediment disrup-
tion in those units. The structure is confined vertically to the
sedimentary section of the impact structure’s annular trough.
Deformation of this magnitude is not present along the low-
angle, low-relief contact of crater unit B with the Exmore beds
above the collapse structure nor below the structure along the
subhorizontal, low-relief top of the granite or within the lower
beds of crater unit A (fig. I9). The variable dip directions and
variable and relatively steep apparent dip angles of bedding
(reflections) within the collapse structure are not typical of the
Atlantic Coastal Plain, where seaward dips of less than 1° are
normal (Olsson and others, 1988).

The lateral boundaries of the collapse structure cannot be
located precisely. Major normal faults apparently do not bound
the collapsed section; instead, the displacements required by the
structure are distributed among numerous small-displacement,
subvertical faults (fig. [10), possible bedding-parallel faults,
and fluidized sand layers. The structure is interpreted to be
about 550 m (1,805 ft) in maximum width between meters 225
(738 ft) and 775 (2,543 ft) of the seismic profile (fig. 19).

We suggest that fluidized sand beds in crater unit A at
558 m (1,831 ft) depth and above (Gohn and others, this vol-
ume, chap. C) provided the necessary low-strength zone in the
lower part of the collapsed interval. Upward loss of formation
water from the fluidized sands through the pervasive network of
small-offset faults (fig. I10), in combination with sand grain
compaction, would have provided the accommodation space
needed in the lower part of the collapse structure.

An inferred detachment zone near 558 m (1,831 ft) depth
separates fluidized sands and fractured clays in the upper beds
of crater unit A and in crater unit B from the lower beds of crater
unit A and the underlying granite, in which no unequivocal
evidence for impact deformation is observed in the Langley
core (Gohn and others, this volume, chap. C; Horton and others,
this volume, chap. B). The apparent dip angles of reflections in
crater unit A also decrease significantly at this approximate
depth (fig. 19), and the observed change in the predominant
dip angles of the small-displacement faults also occurs at
this depth (fig. 110).

The collapse structure described in this chapter may be
analogous to fault-bounded grabens in the early Tertiary Silver-
pit impact structure of the North Sea, described by Stewart and
Allen (2002). Stratabound grabens delimited by steep, facing
normal faults are the major structures in the outermost zone
(zone 3) of the Silverpit impact structure. Cretaceous sedimen-
tary strata between the grabens appear relatively undeformed
and horizontal, which is also the case for most of the strata seen
on our seismic transect on the York-James Peninsula. The Sil-
verpit grabens have widths (hundreds of meters) and vertical
structural displacements (tens of meters) similar to those of the
Langley collapse structure. Differences in lateral boundary
structures between the normal-fault-bounded Silverpit grabens
and the distributed structural displacements of the Langley col-
lapse structure may result from differences in sediment com-
paction and lithification between Cretaceous chalks at Silverpit
and Cretaceous sands and clays of the Potomac Formation at
Langley.

Stewart and Allen (2002) suggested that overpressured
chalk layers in a chalk-clay sequence provided detachment
zones at depths equal to the lower terminations of the graben-
bounding normal faults at Silverpit. They also suggested that
fractures acted as dewatering conduits that produced the vol-
ume accommodation needed at the bottoms of the grabens.

In plan view, the Silverpit grabens and other normal faults
define a concentric multi-ring structural pattern in the outer part
of the 20-km-wide (12-mi-wide) Silverpit impact structure
(Stewart and Allen, 2002). Powars and others (2003) have sug-
gested the possibility of a similar concentric structural pattern
in the Chesapeake Bay impact structure. Confirmation of the
Chesapeake Bay crater-Silverpit crater analogy ultimately will
require a three-dimensional grid of reflection profiles near
Langley or elsewhere within the annular trough of the Chesa-
peake Bay impact structure.

The annular troughs of complex impact craters result from
late-stage, gravity-driven collapse across an area that is signifi-
cantly wider than the short-lived transient crater opened by
excavation and downward displacement of materials at the
center of the impact (Melosh, 1989; Melosh and Ivanov, 1999;
Morgan and others, 2000). The stratabound collapse structure
seen on the Langley seismic images is interpreted as represen-
tative of this late stage of impact crater evolution.
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Exmore Beds

During impacts into marine targets, late-stage gravitational
collapse may be accompanied or closely followed by the cata-
strophic resurge of water-sediment-ejecta mixtures into the col-
lapsing crater, resulting in local erosion and extensive sediment
deposition (Tsikalas and others, 1998; Ormdo and Lindstrom,
2000; von Dalwigk and Ormd, 2001; Shuvalov and others,
2002; Tsikalas and Faleide, 2002). The Exmore beds in the
Langley core display vertical variations in fossil assemblages
and lithoclast size and composition that suggest two deposi-
tional units with different provenances produced by resurge
sedimentation (Frederiksen and others, this volume, chap. D;
Gohn and others, this volume, chap. C). Two of the four seis-
mically defined subunits of the Exmore beds shown on the
migrated depth image (figs. I9 and I11) likely represent the dep-
ositional units observed in the core.

The base of seismic subunit 4 of the Exmore beds is a
strong, continuous reflection located at about 250 m to 245 m
(820 ft to 804 ft) depth near the Langley corehole (fig. 19). Gohn
and others (this volume, chap. C) recognize a depositional
boundary at about 244 m (about 800 ft) depth in the core on the
basis of size grading (coarse-tail-grading) of the larger litho-
clasts. Frederiksen and others (this volume, chap. D) note that
reworked Cretaceous calcareous nannofossils are present in the
Exmore matrix only at and above 242.1 m (794 .4 ft) depth, sug-
gesting differences in sediment sources for the deposits above
and below that sample depth. The close proximity in depth of
these three boundaries suggests the correlation of the two dep-
ositional units defined in the core with Exmore subunits 2 and 4
interpreted on the migrated depth image (fig. I11).

The upper contact of the Exmore beds is a wavy, nearly
continuous reflection with about 10 m (33 ft) of relief, as seen
on the migrated depth image (figs. I9 and I11). We speculate
that this irregular surface may represent large bedforms, either
megaripples or hummock-and-swale bed topography. These
features could have resulted from low-density ocean-resurge
currents or wave-interference patterns produced by collapse of
the transient water-column crater or by the return of impact-
generated tsunamis from the nearby North American shoreline.
Alternatively, this irregular surface may represent the essen-
tially unmodified hummocky or blocky upper surface of the
final Exmore debris flow (for non-impact examples, see Prior
and others, 1984, and Mulder and Cochonat, 1996). Wavy
reflections in the postimpact Chickahominy Formation may
represent the draping of fine-grained marine sediments over the
irregular upper surface of the Exmore beds.

Summary

Complementary data from the seismic reflection and
refraction survey and the corehole at the NASA Langley
Research Center allowed us to describe and interpret the stratig-
raphy and impact deformation of preimpact rocks and sedi-

ments and the deposition of synimpact sediments within part of
the annular trough of the Chesapeake Bay impact structure. A
stratabound collapse structure within the preimpact sedimen-
tary section of the annular trough is interpreted to have formed
during widespread, late-stage gravitational collapse of the
impact structure. Observed deformation features increase
upward in the preimpact section, including fracturing of clays,
fluidization of sands, and injection of previously overlying
Upper Cretaceous and Tertiary marine sediments. Fluidized
sands within the lower part of the sedimentary section probably
provided a detachment interval and accommodation space in
the lower part of the collapse structure. The Exmore beds are
interpreted as ocean-resurge deposits that consist of multiple
depositional units with differing provenances. Resurge currents
or returning impact-generated tsunamis may have modified the
upper surface of the Exmore beds.
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